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Abstract
The effects of three different fillers (i.e., talc, calcium carbonate, and cassava starch) and surface functionalization by 3-ami-
nopropyltriethoxysilane (APTES) and vinyltriethoxysilane (VTES) on morphology, thermal and tensile properties of the 
poly(lactic acid) (PLA) composites were comparatively examined. Dynamic differential scanning calorimetry (DSC) results 
revealed that the incorporation of filler can facilitate the cold crystallization of PLA, as confirmed by lowered cold crystal-
lization temperature. By fitting DSC data with Avrami model, the highest isothermal cold crystallization rate constant k and 
the shortest crystallization half time t1/2 were obtained for the PLA/talc composites under isothermal temperature of 100 °C, 
implying that talc was the most effective nucleating agent for PLA in this study. The average Avrami index n of neat PLA 
and its composites lay within the same range of 3.0–3.6, which reflected the three-dimensional spherulitic growth of PLA 
with the mixture of instantaneous nuclei and sporadic nuclei. In comparison with the composite cast films, the thermoformed 
films had higher degree of crystallinity as well as higher tensile strength and Young’s modulus owing to the chain orientation 
upon annealing. Furthermore, the addition of silane-treated talc, especially APTES-treated talc, fastened cold crystallization 
rate and enhanced tensile properties because of the improved interfacial interaction between talc particles and PLA matrix.

Keyword  Poly(lactic acid) · Silane treatment · Isothermal cold crystallization · Thermoforming · Tensile properties · 
Differential scanning calorimetry

Introduction

Considering the waste disposal crisis and global warming, 
biodegradable polymers have gained a great attention to 
replace the petroleum-based polymers because they can be 
synthesized from the abundant renewable resources (e.g., 
corn, potato, and sugarcane) and they can be enzymatically 
decomposed into CO2, H2O, and biomass in a short time 
[1, 2].

Poly(lactic acid) (PLA) is the most well-known biode-
gradable thermoplastic aliphatic polyester that has been 

extensively used for diverse applications, e.g., eco-friendly 
food packaging [3, 4] and drug delivery devices [5, 6] 
because of its unique properties including biodegrada-
bility, biocompatibility, high transparency, high tensile 
strength (75 MPa), and high tensile modulus (3.2 GPa) 
[7, 8]. Agricultural feedstock is converted into lactic acid 
monomer by bacterial or yeast fermentation, followed by 
ring-opening polymerization of lactic acid monomer into 
PLA. Nevertheless, PLA has several shortcomings such 
as high brittleness with elongation-at-break less than 4%, 
poor melt strength, poor thermal stability, and low gas 
barrier properties. Furthermore, PLA has slow crystalliza-
tion rate leading to a very long processing cycle time and 
low crystallinity. As a result, the end-use packaging will 
have poor optical, thermal, and mechanical performances 
[9]. Annealing at isothermal temperature between glass 
transition temperature (Tg) and melting temperature (Tm) 
of polymer has been carried out to increase the crystal-
linity of the formed polymeric packaging; however, the 
final crystallinity of the unmodified PLA is still relatively 
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low because of the intrinsically slow crystallization rate 
of PLA. From this reason, the crystallization rate of 
PLA must be improved for being used in some advanced 
applications requiring excellent thermal and mechanical 
properties.

Many studies have proposed that the incorporation of 
organic or inorganic fillers, e.g., organoclay [10, 11], alu-
mina [12], cassava starch [13], titanium dioxide [14], and 
talc [15, 16], into the polymer matrix to create polymer com-
posites. The aims of producing the polymer composites were 
to reduce price, enhance crystallization rate, shorten crystal-
lization time, improve mechanical properties, and modify 
the gas permeability of the final polymer products.

Lule and Kim [12] prepared the PLA hybrid composites 
composed of 20 wt% alumina and 2 wt% aluminum nitride. 
The result showed that the hybrid fillers can enhance the 
crystallinity of PLA significantly, and the crystallinity of 
PLA improved from 22 to 50% by changing the type of filler 
from untreated alumina to maleic acid-treated alumina.

Petchwattana and Narupai [14] reported that the crystal-
lization time to obtain half of overall crystallinity of PLA 
greatly reduced from 1620 to 59 s (96% reduction) with the 
addition of 3 wt% TiO2 and further reduced to 18 s (99% 
reduction) when 3 wt% talc was incorporated into the PLA/
TiO2 nanocomposites. Moreover, the flexural modulus of 
all PLA composites was higher than that of the neat PLA 
because of the rigidity of talc and TiO2, as well as, increased 
PLA crystallinity.

Nanthananon et al. [15] prepared the PLA-based hybrid 
composites containing short natural fiber and talc and it was 
found that the tensile strength and tensile modulus drasti-
cally increased with the incorporation of these fillers. Also, 
the relative crystallinity increased from 0.2% for virgin PLA 
to 9% and 33% with the addition of 30 wt% short natural 
fiber and 30 wt% talc, respectively.

In general, the compatibility between polymer matrix and 
filler particles was very poor; this resulted in poor stress 
transfer between polymer and filler across the interface, lead-
ing to poor mechanical performances of the polymer com-
posites. To improve the interfacial interaction of polymer 
and filler, surface functionalization has been conducted to 
improve the polymer/filler compatibility [17]. Silanization 
has extensively been conducted in many polymer compos-
ites. Silane coupling agent comprises of two distinct reactive 
functional groups within the molecule; one of the functional 
groups (e.g., alkoxy groups) can be chemically bonded with 
the functional groups on the surface of inorganic filler while 
another organic functional group can chemically bond or 
interact with the polymer matrix. The included organic 
functional groups of silane coupling agent are not limited to 
epoxy [18], mercapto [19], methacrylate [20], vinyl [21, 22], 
or amino [23, 24] groups; but are dependent on the purpose 
and final targeted properties of the polymer composites.

Although the effects of talc, calcium carbonate (CaCO3), 
and cassava starch on the properties of the PLA composites 
have been reported in many publications, to the best of our 
knowledge the comprehensive research has not been well 
reported on the comparison between these fillers as well as 
surface treatment by silane coupling agent. In this work, the 
effects of the addition of talc, CaCO3, and cassava starch at 
various contents on the morphology, mechanical and ther-
mal properties, and isothermal cold crystallization kinetics 
of the PLA composites were examined.

The isothermal cold crystallization kinetics was inves-
tigated by fitting the experimental data from the differen-
tial scanning calorimetry (DSC) with a theoretical Avrami 
model. The study on annealing at optimal cold crystalliza-
tion temperature on the thermal and tensile properties was 
performed by comparing between cast films and thermofor-
med films. Eventually, surface treatments of talc with vinyl-
triethoxysilane (VTES) and 3-aminopropyltriethoxysilane 
(APTES) were also performed to examine the silanization 
effect on the properties of the PLA composites in compari-
son with the untreated system.

Experimental

Materials

Poly(lactic acid) (PLA) (grade: 2003D) containing ~ 96% 
L-lactic acid comonomer with a melt flow index of 
6 g/10 min (210 °C/2.16 kg) was purchased from Nature-
Works LLC, USA. Calcium carbonate (CaCO3) and talc 
powders were supplied from Thai Chemical Industries, 
Thailand. Cassava starch flour was obtained from Thai Wah 
Food Products Public Company Limited, Thailand. The 
mean particle sizes of the pristine talc, CaCO3, and cassava 
starch were 3, 5, and 12 µm, respectively. Fillers were used 
as received without modification unless otherwise specified. 
3-Aminopropyltriethoxysilane (APTES, 98%) and vinyltri-
ethoxysilane (VTES, 97%) as silane coupling agents were 
purchased from Sigma-Aldrich, USA. All solvents were 
in analytical grade and used as received without further 
purification.

Surface functionalization of filler

Surface functionalization of talc via silanization using 
APTES and VTES was performed to improve the disper-
sion of filler in the PLA matrix. Silane coupling agent was 
premixed with ethanol–water mixture (80:20 v/v) at con-
centration of 2% (w/v) for 1 h. Subsequently, pH of the 
solution was adjusted to 4.5–5.5 by adding acetic acid. In 
general, the silanization was carried out in acid-catalyzed 
condition to facilitate the hydrolysis rate of silane to silanol 
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and slow down the self-condensation of hydrolyzed silanols 
[25]. Talc, which was pre-dried at 60 °C overnight to remove 
moisture, was vigorously stirred in this acidic solution filled 
with silane coupling agent at room temperature for 2 h. 
Amount of silane was fixed at 2 wt% content of dried filler. 
Afterwards, treated talc was filtered and washed with dis-
tilled water several times to remove the untreated silanes. 
Finally, treated talc was dried at 60 °C in a vacuum oven 
until the constant weight was gained.

Preparation of the PLA composites

The PLA composites comprising of different filler types and 
contents (1, 3, 5, 7, and 10 vol%) were prepared. Fillers 
were dried in a vacuum oven at 60 °C overnight for mois-
ture removal. PLA and filler were compounded using a co-
rotating twin screw extruder (L/D = 40 and D = 20, Labtech 
Engineering, Thailand) operated at a mixing temperature 
of 165–180 °C and a screw speed of 50  rpm. The PLA 
composites were then casted into sheets by a co-rotating 
twin screw extruder (Thermo Haake, Rheocord 300p and 
Rheomex PTW 16/15 (L/D = 15 and D = 16 mm), Germany) 
equipped with a cast-film die (die gap = 1 mm) at a process-
ing temperature of 130–185 °C and a screw speed of 80 rpm. 
Thickness of the cast sheets was around 400 μm.

Finally, sheets of PLA composites were thermoformed 
into 300 μm films at different isothermal conditions depend-
ing on the composite formulation using a laboratory ther-
moformed machine equipped with a vacuum apparatus. The 

annealing temperature and annealing time were decided 
from the DSC isothermal cold crystallization profiles in 
which annealing temperature was the isothermal temperature 
giving the fastest cold crystallization rate and annealing time 
was the overall crystallization time. These annealing condi-
tions will be mentioned again in “Results and Discussion” 
section. Cast and thermoformed films of neat PLA were also 
prepared following the aforementioned procedure under the 
same condition. Therefore, neat PLA films were undergone 
under the same shear history and thermal history as those of 
the PLA composites. The nomenclatures of PLA composites 
are represented in Table 1.

Characterization

The surface functionalities of pristine and silane-treated talc 
particles were analyzed using Fourier transform infrared 
spectroscopy (FTIR, Thermo Scientific Nicolet 6700, USA) 
in a range of 400–4000 cm−1 with a resolution of ± 4 cm−1. 
Crystalline potassium bromide (KBr) was used as a back-
ground. Predried talc (5 mg) was mixed with KBr pellet 
(400 mg) in an alumina mortar and pestle and the spectra of 
ground powder were characterized.

Morphology of the cross-sectional fractured surface of 
neat PLA and its composites was observed by a scanning 
electron microscope (SEM) (JEOL, JSM-6400, Japan) with 
an acceleration voltage of 8 kV. All cast film samples were 
fractured in liquid nitrogen and eventually coated with a 

Table 1   Thermal properties of the neat PLA and PLA composite cast films and thermoformed films containing various untreated filler contents 
obtained from a second heating dynamic DSC scan

a  ϕF is filler content

Sample code ϕF a (vol%) Tg PLA (°C) Tcc (°C) Tm (°C) ΔHcc (J/g) ΔHm (J/g) Xc (%)

Cast Thermoform

Neat PLA 0 58.8 125.9 149.7 4.6 7.77 3.3 9.3
Talc1 1 58.8 102.8 144.4/151.2 13.2 20.5 7.9 12.8
Talc3 3 58.5 100.5 144.1/151.3 14.4 22.7 9.2 14.7
Talc5 5 58.6 100.1 145.8/152.6 18.5 29.5 12.5 18.6
Talc7 7 58.8 98.5 145.4/152.1 18.8 29.7 12.7 20.1
Talc10 10 58.7 99.5 144.8/152.4 19.2 30.2 13.2 22.3
CaCO31 1 58.8 109.3 146.2/152.0 21.2 26.3 5.5 8.0
CaCO33 3 58.8 110.8 146.3/149.7 19.9 26.3 7.1 10.9
CaCO35 5 58.7 111.9 146.6/153.7 22.1 30.1 9.1 14.2
CaCO37 7 58.8 110.5 145.5/150.9 19.3 27.9 10.0 16.6
CaCO310 10 58.9 110.3 146.2/151.6 18.3 27.4 10.9 17.4
Starch1 1 58.7 119.4 149.2 20.3 24.2 4.2 6.3
Starch3 3 58.7 119.1 149.7 19.2 24.7 6.1 7.9
Starch5 5 58.6 118.2 151.2 20.7 26.2 6.2 10.1
Starch7 7 58.7 117.9 150.2 20.5 26.6 7.1 12.2
Starch10 10 58.6 117.6 149.5 20.9 27.6 8.1 14.0
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fine layer of conductive gold to increase contrast and reduce 
charging prior to examination.

Tensile properties including tensile strength, elongation-
at-break, Young’s modulus, and tensile toughness of cast 
films and thermoformed films of neat PLA and PLA com-
posites were measured at room temperature using a universal 
testing machine (Intron model 5567, USA) in accordance 
with ASTM D882. Load cell was 1 kN and crosshead speed 
was 12.5 mm/min. Ten specimens with a rectangular shape 
(10 mm × 100 mm) were cut from the cast films and ther-
moformed films to obtain the mean value of each formula.

Thermal properties and isothermal cold crystallization 
behavior of the neat PLA and PLA composites were investi-
gated using differential scanning calorimetry (Perkin Elmer, 
Diamond DSC, USA) under a nitrogen flow rate of 50 mL/
min to avoid thermal degradation. About 10 mg of sam-
ples from cast films and thermoformed films were sealed in 
50 µL standard aluminum pan. Baseline was recorded using 
an empty aluminum pan.

For dynamic DSC measurement, samples were heated 
from room temperature to 190 °C at a heating rate of 10 °C/
min and maintained at this temperature for 5 min to erase 
thermal history. Afterwards, the samples were cooled down 
to room temperature at a cooling rate of 10 °C/min and 
secondly heated to 190 °C at a heating rate of 10 °C/min. 
The thermal transition temperatures and enthalpies were 
recorded from the second heating scan. Thermal transition 
temperatures included glass transition temperature (Tg), cold 
crystallization temperature (Tcc), and melting temperature 
(Tm). Degree of crystallinity (Xc) was calculated using the 
following equation:

where, ΔHm is enthalpy of melting and ΔHcc is enthalpy 
of cold crystallization. ΔHm

0 is the enthalpy of melting of 
totally crystallized PLA (93 J/g) [26]. Weight fraction of 
PLA in the composites is denoted as w.

For the studies on isothermal cold crystallization kinetics, 
the samples were heated from room temperature to the pre-
determined isothermal temperatures (Tiso) at 90 °C, 100 °C, 

(1)X
c
(%) =

ΔH
m
−ΔH

cc
(

ΔH0
m
× w

) × 100

110 °C, 120 °C and 130 °C at a heating rate of 80 °C/min. 
The development of exothermic heat flow under isothermal 
condition was recorded. Finally, the isothermally crystal-
lized samples were further heated to 190 °C at a heating 
rate of 10 °C/min to evaluate the degree of crystallinity in 
annealed PLA composites.

Results and discussion

Characterization of filler functionalized by silane 
coupling agent

Surface treatment of inorganic filler to covalently attach new 
functional groups onto its surface has extensively been per-
formed to enhance the performance of the polymer compos-
ites. Among various methods, silanization has been widely 
used because the reaction is simple, low-cost, and effective 
for the filler surface with rich hydroxyl groups. The mecha-
nism of the surface treatment with silane coupling agent is 
illustrated in Scheme 1. The ethoxy groups (−OEt) of silane 
coupling agent were hydrolyzed, forming silanol-containing 
species which can further react with the hydroxyl groups on 
the surface of the inorganic fillers via condensation. Finally, 
the modified filler surface with new reactive functional 
groups (R) was obtained. It is worth mentioning that the 
silanization is in general performed in acidic condition to not 
only help the hydrolysis reaction of silane, but also hinder 
the self-condensation of hydrolyzed silanols [25]. In this 
research, aminopropyl and vinyl were the reactive organo-
functional groups of silane coupling agent.

The surface chemistry of the untreated talc and talc 
treated with 3-aminopropyltriethoxysilane (APTES) and 
vinyltriethoxysilane (VTES) was examined using FTIR 
measurement as displayed in Fig. 1. The simple formula 
of the untreated talc was Mg3Si4O10(OH)2 and its FTIR 
spectra showed Si–OH stretching vibration at 3645 cm−1, 
Si–O asymmetric stretching at 984 cm−1 and Si–O sym-
metric bending at 669 cm−1. As demonstrated in Scheme 1, 
the silanol group at 3645 cm−1 mainly disappeared after 
silanization and the new bond of Si–O–Si was formed as 
can be detected in the sharp absorption bands at 1127 cm−1 

Scheme 1   Mechanism of 
surface functionalization of 
inorganic filler by silane cou-
pling agent
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(stretching) and 1014 cm−1 (bending). Further, the absorp-
tion band at 3000 cm−1 was noticed, which was attributed 
to −CH2 and −CH3 stretching vibration of silane coupling 
agent.

Although the vibration of C=C bond of vinyl group at 
1600–1670 cm−1 was hardly seen in case of VTES-treated 
talc because the peak intensity was relatively weak, a peak 
of −NH2 of aminopropyl chain around 3300  cm−1 was 
detected for APTES-treated talc. Accordingly, it can be sum-
marized that the covalent grafting of silane coupling agent 
onto the talc surface was successful. The effect of silane 
coupling agent on the morphology, thermal and tensile prop-
erties of the PLA composites was discussed in the following 
sections.

Thermal behavior of PLA composites

The dynamic DSC thermograms and thermal properties 
that were obtained from the second heating scan of the neat 
PLA and PLA composite cast films are demonstrated in 
Fig. 2 and Table 1, respectively. It was found that the addi-
tion of untreated fillers at various contents did not affect the 
glass transition temperature (Tg) of PLA of the composites 
(~ 59 °C), indicating the immiscibility between PLA chains 
and these untreated filler particles. These results were also in 
agreement with the previous results in literature [13, 27, 28].

Besides, the exothermic cold crystallization enthalpy 
(ΔHcc) increased and the cold crystallization temperature 

(Tcc) greatly reduced with the presence of untreated fillers. 
Namely, Tcc decreased from 126 to 100 °C for Talc5, 112 °C 
for CaCO35, and 118 °C for Starch5, implying that these 
fillers promoted the recrystallization of PLA chains upon 
heating, and talc powder was the most effective nucleating 
agent amongst them, which might be due to its surface activ-
ity as well as high specific surface area owing to its small 
particle size.

It was also found that Tcc of the composites seemed to 
be slightly reduced as filler content increased. For instance, 
Tcc values decreased about 3 °C as loading of untreated talc 
increased from 1 vol% to 10 vol%. The melting tempera-
ture (Tm) of the neat PLA was detected as a single peak at 
150 °C. The DSC thermograms of the composites incor-
porated with talc and CaCO3 showed the double melting 
peaks of PLA, which referred to the melting of PLA crystals 
having different crystal perfections [29, 30]. The lower melt-
ing temperature peak (Tm1 ~ 144–147 °C) represented the 
disordered PLA crystalline structure. Upon further heating, 
this less perfect crystalline structure recrystallized into more 
perfect crystalline structure which subsequently melted at 
higher melting temperature (Tm2 ~ 150–152 °C). This transi-
tion of disorder-to-order phase of PLA was also reported in 
other PLA systems [31, 32].

For PLA/untreated talc composites, talc can acceler-
ate the cold crystallization of PLA better than CaCO3 and 
cassava starch, respectively; thus, the more perfect PLA 
crystals were mainly formed resulting in the large area of 

Fig. 1   FTIR spectra of a untreated talc particles, and talc particles 
treated by b APTES and c VTES

Fig. 2   Second heating dynamic DSC profiles of the neat PLA and 
PLA composite cast films containing 5 vol% fillers
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the endothermic melting peak Tm2. On the other hand, the 
PLA composites containing cassava starch showed only sin-
gle endothermic peak Tm1 because cassava starch had less 
effective nucleating ability for promoting PLA to crystallize 
upon heating, leading to formation of less perfect crystalline 
structure.

Finally, the degree of crystallinity (Xc) of the neat PLA 
and PLA composites is also summarized in Table 1. It was 
noticed that the neat PLA cast film was almost amorphous 
with Xc of 3%. The addition of filler significantly improved 
Xc of the composites and talc provided the highest Xc; this 
also confirmed the potential nucleating ability of talc to 
promote the crystallization of PLA upon heating from the 
glassy state (cold crystallization). For example, Xc values 
increased to 12.5%, 9.1%, and 6.2% for Talc5, CaCO35, and 
Starch5, respectively. Moreover, incorporating these fillers 
over 5 vol% seemed to enhance the degree of crystallinity 
insignificantly.

Dynamic DSC thermograms from the second heating 
scan of PLA composites containing 5 vol% untreated talc 
(Talc5) and silane-treated talc (APTES-Talc5 and VTES-
Talc5) are also illustrated in Fig. 2 and their thermal proper-
ties are tabulated in Table 2. It was suggested that grafting of 
silane coupling agent onto the talc surface did not affect Tg 
of PLA in the composites. However, silane coupling agent 
chemically covered on the talc surface slightly changed Tcc. 
Namely, Tcc was 100.1 °C, 98.2 °C, and 101.4 °C for Talc5, 
APTES-Talc5, and VTES-Talc5, respectively; this revealed 
that grafted silane coupling agent can affect the cold crys-
tallization behavior of PLA. As a consequence, the degree 
of crystallinity (Xc) changed from 12.5% for Talc5 to 17.8% 
for APTES-Talc5, and 14.7% for VTES-Talc5. As a con-
sequence, the isothermal cold crystallization kinetics was 
investigated for neat PLA and the PLA composites contain-
ing 5 vol% fillers, which will be described in the following 
section.

Isothermal cold crystallization kinetics of PLA 
composites

The effect of untreated talc, CaCO3, cassava starch, APTES-
treated talc, and VTES-treated talc on the isothermal cold 
crystallization kinetics of the PLA composites was inves-
tigated in the isothermal cold crystallization temperature 
(Tiso) of 90–130 °C, as displayed in Fig. 3. Note that the 

cold crystallization time was recorded when the tempera-
ture measured from DSC program was equal to the setting 
isothermal temperature. All DSC thermograms showed the 
smooth bell-shaped curves.

The normalized exothermic heat flow sharply developed 
at the beginning of the DSC measurement owing to the fact 
that the PLA chains nucleated into the small PLA crystal-
lites and then grew. After a period of crystallization time, the 
PLA crystallites became larger and collided with the adja-
cent crystallites, inhibiting the crystal growth process. As a 
result, the development rate of the normalized exothermic 
heat flow subsequently slowed down until the normalized 
exothermic heat flow reached the baseline, which was an 
indicative of the finished crystallization process.

Maximum cold crystallization time (tmax), which was the 
crystallization time at the highest normalized heat flow, was 
the lowest at Tiso range of 100–110 °C. Lower tmax indirectly 
indicated faster cold crystallization rate.

In principle, the optimal crystallization rate was acquired 
at the temperature between glass transition temperature (Tg) 
and melting temperature (Tm) of the polymer [33]. Below 
Tg, polymer was in the glassy state in which the segmental 
motion of the polymer chains did not occur and polymer 
chains had a stable structure macroscopically. This was the 
reason why the overall crystallization time, which was the 
time required to complete the cold crystallization process 
(heat flow of DSC thermogram was back to baseline), and 
tmax for the sample measured at Tiso = 90 °C were lower than 
Tiso = 100 °C.

On the other hand, Above Tm, the structure of polymer 
chains was unstable owing to the thermal atomic vibration 
disrupting the molecular orientation, thus polymer chains 
cannot nucleate and form the orderly crystalline form. As 
Tiso was closed to Tm, the normalized heat flow became 
broader and the overall crystallization time was prolonged. 
For instance, the overall crystallization time of the neat PLA 
increased from 10 to 40 min when Tiso changed from 100 to 
130 °C. Particularly, the heat flow exhibited a delay of initial 
crystallization development for the neat PLA and PLA/cas-
sava starch composites at Tiso = 130 °C because the nuclea-
tion rate was very slow.

The normalized exothermic heat flow from Fig. 3 can be 
converted into the development of relative degree of crystal-
linity as can be seen in Fig. 4. The degree of crystallinity Xc 
was calculated using the following equation: 

Table 2   Thermal properties of 
the PLA composites containing 
treated filler obtained from 
second heating dynamic DSC 
scan

Sample code Tg PLA (°C) Tcc (°C) Tm (°C) ΔHcc (J/g) ΔHm (J/g) Xc (%)

Cast Thermoform

U-Talc5 58.6 100.1 145.8/152.6 18.5 29.5 12.5 18.6
APTES-Talc5 58.1 098.2 146.2/154.2 21.5 37.2 18.3 27.2
VTES-Talc5 58.4 101.4 145.5/152.7 19.2 32.2 14.1 20.7
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where, H(t) is the normalized heat flow from the DSC ther-
mograms. Xc is the ratio of degree of crystallinity after cold 
crystallization time t (Xc(t)) to the total degree of crystal-
linity after completion of crystallization [Xc(t = ∞)]. The 
slow development of Xc at the early stage was related to the 
formation of small PLA nuclei. At the middle stage of cold 
crystallization, Xc was developed linearly, implying that the 
crystal growth rate of PLA was independent of the degree 
of its crystallinity.

Eventually, the Xc development gradually slowed down 
due to the impingement of PLA crystals with the adjacent 
ones, stopping the crystal growth process. The experimental 
cold crystallization half time (t1/2,exp) was the time necessary 
for the polymer chains to crystallize half of the total degree 
of crystallinity (Xc = 50%). Similar to the tmax results from 
Fig. 3, t1/2,exp values of the neat PLA and its composites 
at 100 °C increased in the following order: APTES-Talc5, 

(2)X
c
=

Xc(t)

Xc(t = ∞)
=

∫ t

0
⋅

dH(t)

dt
dt

∫ ∞

0
⋅

dH(t)

dt
dt

VTES-Talc5, Talc5, CaCO35, Starch5, and neat PLA, which 
confirmed that talc particles with the surface treatment by 
silanization gave the fastest cold crystallization rate.

According to the linear relationship between growth rate 
of the polymer crystals and the crystallization time under 
isothermal condition, the Avrami model [34] can be used 
to study the crystallization kinetics of polymer at a con-
stant temperature and it can be expressed in the following 
equation: 

By taking the double logarithm of Eq. (3), the linear rela-
tionship can be expressed as follows: 

where, k is the temperature–dependent isothermal cold crys-
tallization rate constant and n is the Avrami index. Following 
Lorenzo et al. [35] who suggested the guidelines for the use 
of Avrami equation for the isothermal crystallization kinetics 
studies, it was important to point out that the range of Xc data 
for fitting with Avrami equation should be chosen between 3 
and 80% to obtain the reliable isothermal kinetics informa-
tion because of the inaccurate experimental data resulting 
from the unsteady DSC measurement (Xc < 3%) as well as 
the deviation from linearity of crystal growth rate of PLA 
owing to the secondary crystallization process (Xc > 80%).

Figure 5 shows the graph plotting of log[− ln(1 − Xc)] 
against log(t) following Eq. (4). The slope is Avrami index 
n and the y-interception is log(k). The straight lines in Fig. 5 
are the linear fittings of Avrami model with experimental 
data. It is showed in Table 3 that large coefficient of deter-
mination (R2 > 0.99) was achieved, that indicated the Avrami 
equation was valid for the isothermal cold crystallization 
kinetics study in this work.

Another crucial isothermal crystallization kinetics 
parameter was the crystallization half time (t1/2). Beside 
the experimental crystallization half time t1/2,exp that can be 
obtained from Fig. 4, the crystallization half time obtained 
by Avrami fitting t1/2,fit can also be calculated using the fol-
lowing equation: 

(3)1 − Xc = exp(−ktn)

(4)log
[

− ln(1 − Xc)
]

= log(k) + n log(t)

(5)t1/2,fit = (ln 2/k)1∕n

Fig. 4   Development of relative degree of crystallinity Xc of the 
neat PLA and PLA composite cast films containing 5 vol% fillers at 
Tiso = 100 °C (Horizontal line is Xc = 50%)

Table 3   Isothermal cold 
crystallization kinetics 
parameters of the PLA 
composite cast films containing 
treated filler at Tiso = 100 °C

Sample code Tiso (°C) Avrami 
index n

k (min−n) t1/2,fit (min) t1/2,exp (min) tmax (min) R2

U-Talc5 100 3.1 4.32 × 10–2 2.4 2.2 1.9 0.9996
APTES-Talc5 100 3.2 1.93 × 10–1 1.5 1.7 1.5 0.9995
VTES-Talc5 100 3.1 6.21 × 10–2 2.2 2.0 1.8 0.9997
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where, k and n are isothermal cold crystallization rate con-
stant and Avrami index, respectively, acquired by fitting the 
experimental data with Avrami model.

All isothermal cold crystallization kinetics parameters, 
i.e., Avrami index n, cold crystallization rate constant k, 

crystallization half times acquired from the experimental 
data t1/2,exp and from the Avrami fitting t1/2,fit, and maximum 
crystallization time tmax, of the neat PLA and its composites 
containing 5 vol% fillers are tabulated in Table 3. It was 
mentioned that the isothermal cold crystallization kinetics 
parameters were strongly sensitive to Tiso value. As Tiso value 
is closed to that of Tm of PLA (i.e., Tiso = 130 °C), the poly-
mer chain orientation and nucleation formation are disrupted 
by the high thermal energy, resulting in slowing down of 
cold crystallization that was evidenced by decreased k val-
ues and increased t1/2 values. For instance, k values of Talc5 
were 3.40 × 10–2, 4.32 × 10–2, 3.25 × 10–2, 2.71 × 10–2, and 
8.56 × 10–3 min−1 at Tiso = 90 °C, 100 °C, 110 °C, 120 °C, 
and 130 °C, respectively. Comparing the samples at the same 
Tiso value, APTES-Talc5 gave the shortest t1/2 and tmax values 
as well as the highest k value, meaning that the rate of cold 
crystallization was the fastest and talc treated by APTES was 
the most effective nucleating agent for cold crystallization 
process of PLA in this research. Avrami index n implied the 
geometric dimensionality of the growing crystals (1 rep-
resented one-dimensional rod-like crystal growth, 2 repre-
sented two-dimensional lamellar growth, and 3 represented 
three-dimensional spherulitic growth) as well as, for the 
time dependence of nucleation (0 referred to instantaneous 
nucleation and 1 referred to sporadic nucleation). Moreover, 
the non-integer n value implied the spherulitic growth from 
a mixture of instantaneous and sporadic nuclei condition.

Fig. 5   Avrami plots of the neat PLA and PLA composite cast films 
containing 5 vol% fillers at Tiso = 100 °C (Symbol shows experimental 
result and solid lines are Avrami fitting)

Table 4   Isothermal cold 
crystallization kinetics 
parameters of the neat PLA and 
PLA composites containing 
untreated fillers at various Tiso

Sample code Tiso (°C) Avrami 
index n

k (min−n) t1/2,fit (min) t1/2,exp (min) tmax (min) R2

Neat PLA 90 2.6 1.55 × 10–3 10.5 9.1 9.9 0.9984
100 2.9 5.43 × 10–3 5.3 4.6 4.5 0.9994
110 3.7 9.30 × 10–4 6.0 5.2 5.1 0.9993
120 3.9 8.85 × 10–5 10.0 8.8 9.2 0.9986
130 3.4 1.22 × 10–5 25.1 24.0 23.2 0.9991

Talc5 90 2.8 3.40 × 10–2 2.9 3.3 3.2 0.9997
100 3.1 4.32 × 10–2 2.4 2.2 1.9 0.9996
110 3.3 3.25 × 10–2 2.5 2.0 2.0 0.9999
120 2.9 2.71 × 10–2 3.5 3.2 3.1 0.9999
130 2.5 8.56 × 10–3 6.8 6.2 7.3 0.9997

CaCO35 90 3.2 2.70 × 10–3 5.7 5.3 5.8 0.9998
100 3.6 8.71 × 10–3 3.4 3.2 3.2 0.9999
110 3.7 3.95 × 10–3 4.0 3.4 3.1 0.9997
120 3.8 6.56 × 10–4 6.2 5.3 5.2 0.9991
130 3.1 2.12 × 10–4 13.6 13.4 13.2 0.9999

Starch5 90 3.4 8.90 × 10–4 7.1 6.5 6.8 0.9997
100 3.5 4.50 × 10–3 4.2 3.7 3.5 0.9998
110 3.6 2.76 × 10–3 4.6 4.0 3.6 0.9997
120 3.9 9.13 × 10–5 8.8 8.0 7.0 0.9994
130 3.7 4.13 × 10–5 13.9 15.8 18.0 0.9980
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In this work, the Avrami index n values were 3.3, 3.0, 
3.4, and 3.6 for the neat PLA, Talc5, CaCO35, and Starch5, 
respectively, which lied in the similar range suggesting that 
the addition of untreated fillers showed the three-dimen-
sional spherulitic growth of PLA with a mixture of instan-
taneous and sporadic nuclei. Moreover, the n values most 
likely tended to increase from 3.0 to 4.0 as Tiso value increas-
ing, inferred the transition from heterogeneous nucleation to 
homogeneous nucleation [36, 37].

Although the Avrami index n of the composites com-
prised of untreated and treated talc particles had the same 
value (n ~ 3.1) which reflected that silane coupling agent did 
not significantly effect on the nucleation and growth mecha-
nisms of PLA, the cold crystallization rate was fastened as a 
result of modified surface functionality on the talc particles’ 
surface. For instance, cold crystallization rate constant k val-
ues of the PLA composites were 4.32 × 10–2, 1.93 × 10–1, 
and 6.21 × 10–2 min−1 and Avrami fitted crystallization half 
time t1/2,fit values were 2.4, 1.5, 2.2 min for Talc5, APTES-
Talc5, and VTES-Talc5, respectively as shown in Table 4. 
Hence, these results revealed that the aminopropyl groups 
of APTES had more potential to improve the isothermal 

cold crystallization rate of PLA composites than the vinyl 
groups of VTES. For surface treatment, the enhancement of 
cold crystallization acceleration might be due to the strong 
interaction between surface of talc particles and polymer 
matrix and its good dispersion in the PLA matrix, as simi-
larly reported elsewhere in other polymer composite systems 
[17, 38].

Morphology of PLA composites

Figure 6a–f illustrate the SEM micrographs of the cross-
sectional cryofractured surfaces of PLA composite cast films 
containing 5 vol% untreated talc, CaCO3, cassava starch, 
APTES-treated talc, and VTES-treated talc, respectively. 
These PLA composites were classified as Talc5, CaCO35, 
Starch5, APTES-Talc5, and VTES-Talc5, respectively. Cryo-
fractured surface of the neat PLA film was smooth (Fig. 6a).

Talc5 sample in Fig. 6b exhibited a uniform dispersion of 
plate-like talc particles in the PLA matrix; however, some 
untreated talc particles were pulled out upon cryofracturing 
step letting voids remained on the fractured surface as can 
be seen in drew circles in Fig. 6b. Even though untreated 

Fig. 6   SEM micrographs of cross-sectional cryofractured surfaces of the cast films of a neat PLA, b Talc5, c CaCO35, d Starch5, e APTES-
Talc5, and f VTES-Talc5 samples (Inserted circles indicate filler particles)
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talc particles’ surfaces were hydrophobic which made them 
dispersed well in the PLA matrix, the pull-out phenomenon 
of untreated talc particles shown on the fractured surface 
was also reported elsewhere [31].

In the material specification sheet, the mean particle size 
of CaCO3 particles was approximately 5 μm. However, the 
CaCO3 particle in Fig. 6c was significantly larger, referring 
to the aggregation of CaCO3 particles. Moreover, Fig. 6d 
revealed the debonding at the interface of starch particles 
and PLA matrix. These SEM results suggested the weak 
interfacial adhesion and incompatibility between these fillers 
and PLA matrix.

For the SEM micrographs of the PLA composites com-
posed of silane-treated talc particles (Fig. 6e–f), the pulled-
out phenomenon of silane-treated talc particles from the 
PLA matrix was rarely observed which was attributed to 
the improvement of the interfacial interaction and stronger 
interfacial strength between PLA matrix and reactive silane 
functional groups on the talc particles’ surfaces. The silane-
treated talc particles were still intact and adhered to the 
cryofractured surfaces of APTES-Talc5 and VTES-Talc5 
samples as illustrated in Figs. 6e–f.

PLA has strong hydrophobicity. Modifying the talc par-
ticles’ surfaces with VTES will impart hydrophobic vinyl 
groups in place of hydrophilic hydroxyl groups; which 
enhanced the affinity of treated talc particles with PLA 
chains through the van der Waals interactions. For PLA/
APTES-treated talc composites, amino group (−NH2) of 
APTES can show strong hydrogen-bonding interaction or 
chemically react with −OH and −COOH terminal groups of 
PLA.

The enhancement of adhesion between treated talc parti-
cles and PLA matrix was responsible for good dispersion in 
conjunction with less debonding of talc particles compared 
with the PLA/untreated talc composites. This interfacial 
interaction improvement in the polymer composites con-
taining silane-treated fillers have been reported in literature. 
Huda and coworkers [39] reported that the PLA hybrid com-
posites containing silane-treated talc and recycled newspaper 
cellulose fibers showed good dispersion of the talc particles 
and strong adhesion between them and polymer matrix, as 
well as, high flexural modulus and flexural strength com-
pared with the untreated systems.

Tensile properties of PLA composites

The tensile properties, i.e., tensile strength, Young’s modu-
lus, elongation-at-break, and tensile toughness, of cast films 
and thermoformed films for the neat PLA and PLA compos-
ites containing 5 vol% fillers are shown in Fig. 7. Although 
the elongation-at-break values did not significantly differed 
for these samples which was about 3%, the addition of filler 
increased tensile strength and Young’s modulus, as well as, 

slightly reduced toughness in comparison with those of the 
unfilled PLA. This was due to the reinforcing effect of filler 
aiding the load transfer from polymer matrix to the filler 
particles across the interface.

It is known that the reinforcement in the polymer com-
posites strongly depended on the characteristics of the 
polymer (e.g., crystallinity, stereoregularity, and degree 
of polymerization), characteristics of the filler (e.g., size, 
geometry, and volume fraction), and polymer/particle inter-
facial adhesion [40]. Among these untreated fillers, the PLA 
composites composed of talc particles provided the highest 
tensile strength and tensile modulus. Comparing to the neat 
PLA cast films, the incorporation of 5 vol% talc particles 
increased the tensile strength (from 42.8 to 50.2 MPa) and 
Young’s modulus (from 1797 to 2198 MPa). These results 
were in an agreement with the works done by Battegazzore 
et al. [27] and Shakoor and Thomas [31] who reported the 
tensile modulus and storage modulus improvements of the 
PLA/talc composites.

Additionally, it was found that functionalization of talc 
particles with silane coupling agent can further increase the 
tensile strength and tensile modulus of the PLA composites. 
As can be seen from the SEM micrographs in Fig. 6, silani-
zation of the talc particles improved their interfacial adhe-
sion with PLA matrix, as evidenced by less debonded talc 
particles from the cryofractured surfaces. This interfacial 
adhesive strength resulted in a better load transfer across the 
interface during the tensile testing.

It was also detected that APTES-Talc5 film showed higher 
tensile strength and Young’s modulus than VTES-Talc5 film. 
The vinyl group of VTES increased the hydrophobicity of 
talc particles, leading to an increased affinity and increased 
physical intermolecular forces between talc particles and 
PLA matrix. On the other hand, the amine groups (−NH2) 
of APTES can both hydrogen-bonded or covalently bonded 
with the terminal hydroxyl (−OH) and carboxyl (−COOH) 
functional groups of PLA, which were considerably stronger 
than the physical interaction in the case of VTES treatment. 
From this reason, APTES treatment showed higher tensile 
strength and tensile modulus than VTES treatment.

The improvement of mechanical properties due to the 
silane coupling agent has also been reported by many 
researchers. Eng et al. [20] reported the increase in flexural 
modulus, tensile strength and modulus, and impact strength 
when incorporated methacrylate silane-treated oil palm mes-
ocarp fiber into the PLA/polycaprolactone hybrid compos-
ites owing to the effect of fiber/matrix interaction. Moreover, 
Sibeko and Luyt [21] found the improvement in thermal and 
tensile properties of the vinyl silane cross-linked low density 
polyethylene composites containing nanoclay particles as 
a result of enhancement in degree of clay dispersion and 
interfacial interaction.



114	 Iranian Polymer Journal (2020) 29:103–116

1 3

Beside the interfacial adhesion improvement mentioned 
earlier, the difference in degree of crystallinity also affected 
the tensile properties of the PLA composites. The cast films 
of the neat PLA and PLA composites were isothermally 
annealed to investigate the effect of annealing process on 
thermal and tensile properties. Herein, annealing tempera-
ture was the isothermal cold crystallization temperature that 
gave the fastest crystallization rate, which was 100 °C for 
all samples.

Moreover, the annealing time was the overall crystalliza-
tion time until the cold crystallization finished as presented 
in Fig. 3. Hence, annealing time was varied depending on 

the composite system. The annealing times of the neat PLA, 
Talc5, CaCO35, Starch5, APTES-Talc5, and VTES-Talc5 
at 100 °C were 9.0, 4.0, 7.5, 11.0, 2.8, and 3.5 min, respec-
tively. After annealing process, the tensile properties were 
significantly changed for all composites. For instance, ther-
moformed films of Talc5 exhibited an enhancement of ten-
sile strength (57.6 MPa) and Young’s modulus (2397 MPa). 
This can be explained by the fact that annealing of the cast 
films under isothermal cold crystallization between Tg and 
Tm of PLA induced the orientation of PLA molecular chains, 
as well as, eliminated the existence of crystal defects, lead-
ing to an increased degree of crystallinity [41].

Fig. 7   Tensile properties of the neat PLA and PLA composite cast films and thermoformed films containing 5 vol% fillers: a tensile strength-at-
break, b elongation-at-break, c Young’s modulus, d tensile toughness
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By testing the samples prior to and after annealing pro-
cess by dynamic DSC scan, the degree of crystallinity of 
PLA in the composites increased from cast films to ther-
moformed films as shown in Tables 1 and 2. The degree 
of crystallinity increased as follows: from 12.5 to 18.6% 
for Talc5, from 17.8 to 27.2% for APTES-Talc5, and from 
14.7 to 20.7% for VTES-Talc5 thermoformed films. The 
highly ordered PLA crystalline structure was more difficult 
to break during tensile testing compared to the amorphous 
phase. Thus, it required higher force to deform the film 
specimens. It can be concluded that the improvements 
of tensile strength and tensile modulus were associated 
with the degree of crystallinity controlled by annealing, 
as well as, the degree of interfacial strength between filler 
particles and polymer matrix which related to the surface 
functionality of the filler.

Conclusions

The properties of the PLA composite films containing 
CaCO3, cassava starch, untreated talc, and silane-treated talc 
particles with/without annealing were reported. Although 
the interfacial debonding and aggregation of untreated fill-
ers from the SEM micrographs implied the weak interfa-
cial interaction between untreated filler particles and PLA 
matrix, the presence of the incorporated untreated fillers 
enhanced the thermal properties and isothermal cold crys-
tallization rate, particularly with the addition of talc parti-
cles. The fastest isothermal cold crystallization of PLA was 
acquired at 100 °C as confirmed by the highest cold crystal-
lization rate constant k and the shortest crystallization half 
time t1/2 values. Therefore, annealing of PLA composite cast 
films through the thermoforming process at this temperature 
can increase the crystallinity owing to the improved polymer 
chain orientation, leading to the enhanced tensile strength 
and Young’s modulus. Furthermore, functionalization of talc 
particles with silane coupling agent provided stronger inter-
facial adhesion between talc particles and polymer matrix 
due to the interaction between functional groups of silane 
coupling agents grafted onto the talc particles’ surfaces 
and terminal hydroxyl and carboxyl groups of PLA, which 
facilitated the affinity of the polymer chains and filler par-
ticles and promoted the crystallization of PLA. As a result, 
the isothermal cold crystallization rate and tensile strength 
and tensile modulus of PLA composites were additionally 
enhanced. Finally, it can be summarized that the intrinsic 
nature and surface functionality of filler played crucial roles 
in the crystallization and mechanical performance of the 
polymer composites.
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